JUST as the first detailed description of the foetal heart sounds (Le Jumeau de Kergaradec, 1822) eventually led to the view that foetal bradycardia might indicate danger to the foetus (Von Winckel, 1903) and to the present routine practice of periodic auscultation during labour, so the first reported foetal electrocardiogram (Cremer, 1906) has been followed by efforts to develop automatic methods of monitoring the foetal heart (Hon, 1960) . The shortcomings of intermittent auscultation as a means of detecting foetal distress or of predicting the condition of the baby at and after delivery prompt the following questions:
Is electronic monitoring any better ?
Is it now ready for routine use in our labour wards Has research in this field provided any lessons which can be applied now to routine practice ?
How are future advances likely to help clinical management ? In attempting to make some answer to these questions, the writer draws heavily on recent experience as a member of Dr. Edward H. Hon's research group in Los Angeles and at Yale University. In addition to obtaining practical training in Hon's methods, his unrivalled library of tracings from more than 1,000 fully monitored labours was studied in detail.
THE POTENTIAL VALUE OF ELECrRONIC MONITORING In contrast to the limitations of intermittent observation and the relative inaccuracy of human counting, the input of continuously recorded electrocardiograms to an accurate cardiotachometer provides a means of obtaining an uninterrupted trace of the exact instantaneous heart rate. With the addition of some technique for cancelling the maternal electrocardiograms, a tachometer will sometimes even count with fair accuracy suitably amplified and filtered foetal signals recorded indirectly from the maternal abdomen provided the patient and her uterus are at rest. To produce a continuous tracing during labour, however, the tachometer must receive the electrocardiograms directly from the foetus so that they are not only free from the unwanted maternal complexes but have a high enough signal-to-noise ratio to remain countable when the patient moves or the uterus contracts. The direct electrocardiogram is obtained with a clip electrode (Hon, 1963) . This can usually be applied when the cervix has reached 3 cm. dilatation and with the membranes ruptured. A fine catheter, introduced at the same time, permits simultaneous recording of the intrauterine pressure. In this way, foetal heart rate changes can be related to the frequency, strength and duration of uterine contractions. The identification of the pattern of this relationship between heart rate and uterine action-particularly the recognition of a changing pattern -is the key to interpreting foetal heart rate changes in labour. Because a simultaneous tracing of the heart rate and the intrauterine pressure shows this relationship immediately, clearly and continuously, the answer to the first question is an affirmative one. Electronic monitoring is potentially much more valuable than intermittent auscultation.
THE FEASIBILITY OF ROUTINE MONITORING
Unfortunately, the second question must be answered in the negative. No equipment, as yet available commercially, meets the requirements of a practical system for clinical monitoring, namely reliability without prohibitive cost, simplicity of operation and of maintenance, an input from electrodes placed on the mother's abdomen without discomfort or inconvenience to her, and an output in the form of an accurate uninterrupted trace throughout even prolonged and strong labour. A number of electrocardiographs are available for recording foetal signals indirectly via the maternal abdomen but, as their output is unsuitable for automatic counting, they are of little clinical value apart from affording occasional help in the confirmation of foetal life or the early diagnosis of multiple pregnancy. Because, with a normal heart rate and at a standard recording speed, 10 hours of labour produce almost 100,000 foetal electrocardiograms on over half-a-mile of paper, manual plotting of the rate is not feasible even if the signals can be identified during contractions.
The foetal phonocardiogram is even less suited to accurate automatic counting. A heart beat is not represented by a single sharp sound of constant timing. Instead, the tachometer may be triggered at any time or several times during one or both sounds. The elimination of multiple triggering may be attempted by reducing the sensitivity of the tachometer or by making it unresponsive for a short pause after counting an impulse, but the inherent variability in amplitude of the two sounds will result in some beats being counted at the first sound and some at the second, while others (with both sounds of low amplitude) go undetected. Some comercially available foetal phonocardiographs include a device for recognising and rejecting the crescendo of muscular vibration which obscures the foetal heart sounds when the patient moves or the uterus contracts. A system incorporating such a device will hold its last true count until the muscular noise has ended with the result that, at the very time when the heart rate is most likely to alter and when its pattern is usually diagnostic, the tachometer output may be an erroneous and perhaps dangerously misleading straight line.
Hon's data have been acquired, stored and processed by complex equipment which needs constant development to meet research requirements, carefuly supervision in operation and highly skilled technical maintenance. Elaboration of such equipment continues but its equally important development in the opposite direction, i.e., towards simplification, is proving more difficult. It need not be expected to give birth to an effective clinical monitor in the near future. Nevertheless, research studies with sophisticated instrumentation have provided the data for a "working hypothesis" for foetal distress (Hon, 1962) , from which a number of clinically applicable lessons can be drawn.
THE NORMAL FOETAL HEART RATE
The normal foetal heart rate, at or near term, is between 120 and 160 beats per minute. Its baseline is not smooth but shows 3 to 5 clinically undetectable fluctuations each minute. The rate represents the balance between vagal and sympathetic tone, while the fluctuations seem to reflect an inherent variability in normal vagal tone. Gradual development of vagal tone as pregnancy advances is suggested by the progressive slowing of the rate and the increased baseline fluctuation towards and after term.
FOETAL TACHYCARDIA (i.e. over 180 beats per minute) The very premature foetus has a smooth tachycardia which is also seen when the vagus is blocked by atropine. A similar trace may occur with maternal pyrexia, presumably due to vagal release or sympathetic stimulation. It may occur transiently before or after hypoxic bradycardia, suggesting that the foetal response to developing or resolving hypoxia is an adaptive tachycardia, probably brought about by increased sympathetic tone. Transient tachycardia after vagal bradycardia may reflect momentary sympathetic overdrive before normal autonomic balance is restored. Hon and Lee (1963) have suggested that the smooth sustained tachycardia which sometimes follows prolonged bradycardia and precedes foetal death may be due to an unavailing final release of adrenaline in the dying foetus.
FOETAL BRADYCARDIA (i.e. less than 120 beats per minute) Hon (1962) now recognises four bradycardia patterns. Three are related to uterine contractions, the first beginning early and being due to head compression (HC), the second having a variable onset and being due to cord compression (CC), the third occurring late in the contraction phase as a result of utero-placental insufficiency (UPI). A sporadic pattern unrelated to contractions should be regarded as a variant of the CC pattern with which it is associated.
Head Compression (HC) Bradycardia. HC patterns, illustrated diagrammatically in Fig. r Cord Compression (CC) Bradycardia. Most labours show at least isolated examples of CC bradycardia (see Fig. 2 ). Variability is its essential feature-a variability in depth and duration unrelated to strength anl length of the contractions; a variability in rate which may cause clinically detectable baseline irregularity and even beat-to-beat arrhythmia; a variability in the "shape" of the pattern although this is usually steep-sided due to very rapid development and recovery suggesting marked reflex activity. Abolition by atropine again suggests a vagal reflex. CC patterns are often associated with cord entanglement around the foetal neck, trunk or limbs, especially when the cord is also taut and as the head descends or rotates. They may be induced by palpation over a particular part of the uterus (presumably due to an underlying cord), during external cephalic version (pre-sumably due to torsion or entanglement of the cord), or when the head is manoeuvred into the pelvis (presumably due to similar entanglement or to a loop of cord between head and pelvis). Typical patterns are readily induced by manipulation of the cord at caesarean section, in cases of cord prolapse and in animal experiments. On the other hand, they are not unusually frequent when there is probable placental dysfunction, are not induced when the mother breathes an oxygen-poor mixture and are not modified by increased oxygenation.
In CC patterns, the vagal centre may be triggered by sudden anoxia to it as a result of the abrupt hypotension due to cessation of blood flow from the placenta which must follow short-lived occlusion of the umbilical vein. The purpose of this reflex may be to limit cardiac work during such stress. Thus, some slowing and irregularity during contractions probably indicate an intact rather than failing protective mechanism. The passage of meconium, which sometimes accompanies these patterns, probably also results from vagotonia. Anal relaxation and peristalsis may well result more often from vagal stimulation than from tissue hypoxia. Increasing vagotonia with continuing pregnancy may explain some of those cases of meconium staining past term for which cesarean section is so often carried out in the presumed interests of the foetus. Similarly, meconium which has already reached the anal sphincter as the result of repeated unimportant episodes of ante- partum cord compression will be readily passed in labour should even minimal further compression of the cord occur. CC patterns are not reflected in increased mortality, morbidity or low Apgar scores unless they become persistent and severe, in which case they are then usually accompanied by the late bradycardia of utero-placental insufficiency (see Fig. 3 ). The superimposed UPI pattern indicates that a potentially dangerous tissue hypoxia has now developed as a probabl result of more prolonged or severe cord occlusion. Atropine will still modify the CC pattern but will not affect the added UPI bradycardia. In profound CC bradycardia beat-to-beat arrhythmia may be pronounced and heart block may occur. This amounts to foetal vasovagal syncope.
Utero-placental Insufficiency (UPI) Bradycardia. UPI bradycardia is less common but more important than CC bradycardia. When these patterns coexist, management should be dictated by the UPI element. Although delayed, UPI patterns (see Fig. 4 ) are obviously related to the strength, length, "shape" and frequency of the contractions, as is well shown when the uterus is overdriven with intravenous oxytocin. of tissue hypoxia affecting the myocardium directly, an origin further supported by the association of these patterns with conditions interfering with utero-placental blood flow, e.g., uterine tetany and hypertonus, pre-eclampsia, essential hypertension and diabetes. This type of bradycardia is associated with evidence of foetal acidosis in cord blood samples (Quilligan et al., 1965) . There is also some experimental evidence, albeit less convincing, that UPI patterns can be reproduced by maternal exercise (Hon and Wohlgemuth, 1961) and alleviated by breathing 100 per cent oxygen (Hon, 1962) . These patterns often increase as labour advances, in which case there may be meconium staining, difficulties in resuscitation and perhaps stillbirth. Tracings preceding foetal death reveal a progressive increase in the patterns, usually over several hours, which should make possible the early recognition of potential danger by automatic monitoring or even by careful repeated auscultation towards and at the end of the contractions. If the bradycardia has been allowed to progress until it persists from contraction to contraction the foetal condition is already critical. If it has given way to a sustained tachycardia foetal death is probably inevitable.
PRESENT CLINICAL APPLICATIONS
It is suggested that the lessons to be learned-in some cases to be relearnedare as follows. In the absence of obvious bradycardia the presence of one or more of the triad comprising transient tachycardia, irregularity with contractions and the passage of meconium probably shows that the foetus is adapting successfully to an, as yet, unimportant stress. These signs may however be the forerunners of a bradycardia, the significance of which depends on its pattern in relation to the uterine contractions. HC patterns are infrequent and unimportant. The recognition of CC patterns is important because some will become constant and increasingly obvious, suggesting that the protective vagal reflex may then be reaching its maximum limits. Superimposed UPI patterns, or UPI patterns developing on their own, suggest that foetal adaptation to hypoxia is no longer adequate. These lessons are applicable to current practice provided that auscultation is carried out during and immediately after contractions rather than after waiting for the uterus to relax first. A rough assessment can be made of the interval from the end of a contraction to the correction of the bradycardia, and repeated listening in this manner should reveal any dangerous overall trend towards an increase in this interval. Fortunately, suitable simpler equipment should soon become available for the less sophisticated but more important further study of the intrapartum foetal heart rate patterns, particularly in conditions associated with placental insufficiency.
Although the need for direct recording will preclude its general employment, such equipment could be used in selected high-risk cases, such as pre-eclamptics and diabetics, or when a clinical diagnosis of probable foetal distress has been made. Worthwhile studies could include the correlation of fetal heart changes with biochemical investigations on foetal blood obtained by Saling's method (Saling, 1964) and with foetal anaemia in cases of rhesus sensitisation. The system could also be used to investigate the possibility of significant utero-placental insufficiency during conduction anaesthesia and the effect of hypotensive therapy on the uteroplacental insufficiency of pre-eclampsia and essential hypertension. The stimulation by an intravenous oxytocic infusion of contractions equivalent to those of strong labour and the assessment of any resultant bradycardia could become the basis of a "trial of placenta" when delivery is indicated or labour has started in the presence of suspected placental impairment.
Another practical proposition would be to explore the feasibility and usefulness of combining the ability of the human brain to "filter out" unwanted noise with a manual device for triggering a tachometer as each heart beat is auscultated. Substitution of the ear and brain for electronic amplification and filtration would eliminate the most critical and expensive components. If the best of both worlds can be achieved in this way, it ought to be possible to produce a relatively cheap and simple system comprising the trigger, a simple tachometer and a single-channel recorder with an event marker to indicate the uterine contractions. The bradycardia of UPI would be easily recognised in the tracing, the delay in its recovery after a contraction could be measured, and periodic comparisons would reveal an increase in this measurement long before it could be appreciated by the usual method of unaided auscultation.
SUMMARY
Attention is drawn to the potential value of automatic foetal heart monitoring during labour.
The unsuitability of present research equipment and techniques for routine clinical use is discussed.
Normal and abnormal intrapartum foetal heart rate patterns are described, and their underlying mechanisms considered briefly.
The significance of the abnormal patterns is indicated and the importance of relating foetal bradycardia to the uterine contractions is stressed.
A number of clinically applicable lessons are drawn. Some possible useful future developments, including proposed techniques for testing placental sufficiency during uterine contractions and for accurate plotting of the rate of auscultated foetal heart sounds, are outlined.
